Abstract-Methyl tert-butyl ether (MTBE), a synthetic chemical used as a fuel additive, has been detected more frequently in the environment than previously. In this study, we examine the effects of MTBE (up to 100 mg/L) and its primary metabolite tertbutyl alcohol (TBA) (up to 1,400 mg/L) on the hatch rate and larval development of the African catfish Clarias gariepinus. Exposure to higher MTBE concentrations resulted in deformed eyes, mouthparts, and spinal cord and in increased larval mortality. Methyl tert-butyl ether exposure had no significant impact on egg viability, whereas TBA induced a decline of hatch rate. The MTBE can be regarded as a pollutant with toxicological effects on catfish larvae at concentrations above 50 mg/L. Although such concentrations greatly surpass present-day concentrations found in surface water (0.088 mg/L), concentrations up to 200 mg/L have been detected in groundwater.
INTRODUCTION
Early life stage (ELS) toxicity tests with fish are increasingly being used to assess the hazard of chemicals and aquatic wastes. This study examined the effects of continuous methyl tert-butyl ether (MTBE) exposure on Clarias gariepinus from the fertilized egg to the hatched larvae stages. Methyl tertbutyl ether is an anthropogenic compound that has been used as a fuel additive since the late 1970s. Currently, about 20 million tons are used each year worldwide [1] . The MTBE contamination in surface water systems is of particular concern because of numerous point sources (pipelines, boating, and other aquatic activities), along with atmospheric fallout and storm-water runoff [1, 2] . Environmental concentrations of MTBE up to 200 mg/L [3] and 0.088 mg/L [4] have been recorded in groundwater and surface water of the United States, respectively. Furthermore, MTBE is a recalcitrant compound with half-lives of days to weeks in standing surface water and of several years in groundwater [5, 6] . Methyl tertbutyl ether can be metabolized biotically by vertebrate liver cytochrome P450 monooxygenases or abiotically by photochemical degradation, which forms tert-butyl alcohol (TBA), methanol, and formaldehyde [7; http://tsrtp.ucdavis.edu/ mtberpt/]. In the United States, up to 14 mg/L of TBA was detected in MTBE-contaminated groundwater [8] . Therefore, aquatic organisms such as the African catfish C. gariepinus are at high risk of being exposed to both MTBE and TBA.
Recent concerns about possible acute and chronic toxicity in exposed humans have led to extensive research with mammals, especially rodents [9, 10] . These studies have indicated that MTBE is a mammalian carcinogen with the potential to * To whom correspondence may be addressed (frans.ollevier@bio.kuleuven.be).
cause cancer in humans (National Science and Technology Council; http://www.whitehouse.gov/WH/EOP/OSTP/html/ OSTP). Despite the growing number of reports documenting MTBE contamination in streams and lakes [11] , however, research on the toxicity of MTBE to aquatic organisms has been surprisingly scarce. In those studies that have been done, sublethal toxicity endpoints, such as abnormal development, have rarely been addressed. Furthermore, it is not always clear if the MTBE exposure concentrations mentioned in these toxicological studies are nominal ones or if they were effectively measured [12] given the high volatility of this compound. In addition, it has not been clearly reported if the carcinogenic effects of this compound are due to MTBE exposure or due to its metabolites TBA, methanol, and formaldehyde [7] .
Various fish species have been recommended for ELS toxicity testing, such as fathead minnow (Pimephales promelas), rainbow trout (Onchorynchus mykiss), medaka (Oryzias latipes), and zebrafish (Danio rerio) [13] . Although less time and effort is required to perform ELS toxicity tests on these species instead of full life cycle tests, the ELS tests still last from weeks to months, thereby limiting their usefulness, especially for the toxicity monitoring of environmental samples. To provide more rapid assays in routine toxicity evaluation, short-term ELS tests with selected fish species have been developed and are currently used in various regulatory frameworks [14] [15] [16] . By reducing the exposure period to only one or two (embryo and/or larva) developmental stages of the fish, short-term ELS toxicity testing becomes both practical and cost effective [17] [18] [19] [20] [21] . Among catfish of the genus Clarias, C. gariepinus is recognized as one of the most promising aquaculture species [22] and has also been used in fundamental research, for example, as a model for regulating gene expression and endocrinology. Clarias gariepinus makes a suitable [22] . Using the C. gariepinus as a model, this study investigates the effects of shortterm exposure of fertilized eggs and larvae to environmental relevant concentrations of MTBE and its primary metabolite TBA on hatch rate, survival rate, and larval development.
MATERIALS AND METHODS

Chemicals and fish species used
Methyl tert-butyl ether (99.8% high-pressure liquid chromatography [HPLC] grade; Aldrich, Munich, Germany) and TBA (99.5%; Merck, Haar, Germany) are used in the trials.
Adult African catfish aged one to two years and weighing 1.5 to 2 kg were held before spawning in dechlorinated tap water in recirculation tanks at 25 Ϯ 1ЊC, with 5.7 mg/L dissolved oxygen and pH 7.1. The fish were fed 1% body weight of commercial pellets daily (Meerval grower EX from N.V. Joosen-Luyckx Aqua Bio, Turnhout, Belgium; raw protein content 45% and raw fat content 12%).
Recovery and fertilization of the eggs
Eggs were extracted from the ovaries, and their quality was determined on the basis of their yellow-green color and their diameter (should be larger than 1 mm). For each exposure experiment (experiment 1, exposure to MTBE, and experiment 2, exposure to TBA), three females with high egg quality were isolated for 24 h at 25ЊC. Thereafter, pituitary extract was injected into their dorsal muscle to induce ovulation, a procedure also called hypophysation. This extract was prepared by grinding two pituitaries from adult catfish in a mortar and pestle with a sterile 0.9% NaCl solution. Pituitary extracts are widely used for spawning induction [23] . Each treated female was placed for another 12 h in a separate aquarium at 25ЊC to allow for ovulation, followed by induced spawning. Sperm was obtained by dissecting one anesthetized male catfish. The sperm was equally distributed over the stripped eggs after dilution in 25 ml buffered extender (pH 7.5) containing 5.52 g/L NaCl, 2 g/L KCl, 2.42 g/L Tris-HCl, and 3.75 g/L glycine.
Exposure to MTBE and TBA
Six nominal exposure levels of MTBE and TBA (500, 1,000, 1,500, 2,000, 3,000, and 4,000 mg/L) were tested in duplicate on the eggs of each female, along with controls in the absence of MTBE and/or TBA. The effective concentrations are represented in Table 1 . For each tested concentration, approximately 75 fertilized eggs were entered into each of six Plexiglas cups (three females ϫ two replicates) with a nylon mesh bottom. These cups were placed into 3-L exposure tanks within 3 min after fertilization. During the whole period of incubation (the experiment ran up to 96 h after hatching), the fertilized eggs and the larvae were continuously exposed to MTBE or TBA.
Artificial pond water (58.8 mg CaCl 2 , 24.65 mg MgSO 4 , 12.95 mg NaHCO 3 , 1.15 mg KCl per 1 L distilled water) with a nominal concentration of the pollutants was kept in 5-L closed containers made of polyethylene and added to the exposure tanks at a flow rate of 5 L/d. All tanks were allowed to equilibrate with the MTBE dosing system for 12 h before the introduction of the catfish eggs. In the control tanks containing no pollutant, the same flow rate was maintained. To limit volatilization as much as possible, the oxygen supply to the MTBE exposure tanks was reduced to 70% saturation during the entire experiment, conforming to the standard conditions for normal fish development.
The following variables were studied: hatch rate, dead larvae, larval deformations, and healthy larvae. The latter are the total number of hatched larvae minus the sum of dead and malformed larvae. Nonhatched eggs (determined by their opaque color) were removed during the incubation. In African catfish, it takes from 22 to 24 h from spawning to egg emergence at 28ЊC. Some eggs start hatching around 22 h postfertilization, inducing a mass hatching approximately 24 h postfertilization. During the 96 h following hatching, dead larvae were regularly counted and removed. The viable but malformed larvae were isolated after 96 h and observed under a stereomicroscope. Externally observed deformations were classified into three categories (Table 2 ) with category 1 containing less severe deformations and category 3 the most severe ones.
Determination of MTBE and TBA concentrations in water tanks
In a preliminary trial, we determined the effective concentrations of MTBE to expect in our aquaria using a given nom-
inal concentration. To study effective concentrations close to and higher than environmental exposure concentrations that were expected to bring about clear-cut effects in fish, we chose nominal concentrations within a large range. We selected TBA concentrations to cover the range that would be obtained in the very improbable situation that all MTBE would have been transformed into TBA. Actual MTBE and TBA concentrations in the aquaria were monitored every 48 h, and samples were taken and appropriately diluted with demineralized water in 10-ml vials after being closed with Viton septa caps (PerkinElmer, Boston, MA, USA) and immediately stored at 4ЊC until analysis (up to one week). Residual MTBE and TBA concentrations in the water phase were monitored by headspace analysis using high-resolution gas chromatography (MEGA 8000 TOP Series gas chromatograph from Thermoquest Capillary Electrophoresis Instruments, Milan, Italy) fitted with a Voyager EI mass spectrometer (Thermoquest Finnigan, Waltham, MA, USA) with d 6 -benzene used as an internal standard. Samples were heated to 80ЊC, and split injection was implemented at an inlet temperature of 220ЊC. The chromatograph was equipped with a DB-5 mass-spectrometer column (60-m length, 25-mm internal diameter, and 0.25-mm film thickness) and subjected to a temperature gradient of 5ЊC/min from 40 to 100ЊC, followed by 15ЊC/min from 100 to 250ЊC. Helium was used as a carrier gas at a constant flow rate of 0.9 ml/ min. The gas chromatograph response of the samples was compared to the response of an eight-point standard curve for each analyte. This method provides a detection limit of 0.003 mg/ L MTBE and 0.020 mg/L TBA.
Statistics
Analysis of variance was used to test for significant differences between experimental endpoints from control and exposed larvae. Nonparametric analysis based on ranking (Kruskal-Wallis) was used to test for significant differences of data that did not conform to the analysis of variance assumptions [24] . A probability level of p Յ 0.05 was taken as significantly different. Plexiglas cups with more than one-third nonviable eggs in the nonexposed controls were discarded.
RESULTS
MTBE and TBA exposure concentrations
The measured water concentrations of MTBE and TBA in the exposure tanks during the 120-h exposure are summarized in Table 1 . Only 2.7 to 5.3% of the nominal MTBE concentrations were present in the exposure tanks after 48 h; these levels remained stable during the remainder of the experiment. The TBA could not be detected in the MTBE exposure tanks (Ͻ10 g/L); therefore, the decrease in MTBE was most probably due to volatilization. In the TBA exposure tanks, 33.2 to 47.8% of the nominal concentrations of TBA remained. In what follows, only effective concentrations will be used.
Embryological development after exposure to MTBE
In Figure 1 , the percent of nonviable eggs (a); dead larvae (b); larval deformations (also see Table 2 ) category 1 (c), category 2 (d), and category 3 (e); and healthy larvae (f) are presented as a function of increasing effective MTBE exposure (96 h) concentrations. The percent of dead eggs (Fig. 1a) did not increase significantly as a function of higher MTBE exposure (p ϭ 0.50); however, the number of dead larvae (Fig.  1b) rose significantly (p Ͻ 0.05) with higher MTBE exposure. In the nonexposure group after 24 h, 26% of the fertilized eggs were nonviable (Fig. 1a) , and 1% of the larvae were found dead 96 h after hatching (Fig. 1b) . In the highest exposure group (111 mg/L MTBE), 35% of the egg population was nonviable after 24 h (Fig. 1a) , while 10.5% of the larvae died within 96 h after hatching (Fig. 1b) .
The nonexposed control group demonstrated only the least severe category (1) of deformations (Fig. 1c) ; those deformations rose insignificantly (p ϭ 0.30) from 1.6% in the nonexposed population to 3% in the highest exposure group (111 mg/L MTBE). The more severe category 2 and 3 deformations, however, were observed only in MTBE treatment groups. Of the larval population exposed to 111 mg/L MTBE, 5 and 4% expressed class 2 and class 3 deformations, respectively. A significant increase in the number of deformations with increasing MTBE exposure concentrations could be found for both category 2 (p Ͻ 0.03) (Fig. 1d) and category 3 (p Ͻ 0.03) (Fig. 1e) .
A significant decrease (p Ͻ 0.03) in the percent of healthy larvae was observed with increasing MTBE exposure (Fig.  1f) . A mean value of 97% healthy larvae in the nonexposed control group decreased to 77% in the group exposed to the highest MTBE concentration (111 mg/L).
Embryological development after exposure to TBA
A concentration-dependent increase in egg mortality was observed (p Ͻ 0.001) after exposure to TBA (Fig. 2a) . The percent of nonviable eggs increased from 10% for the nonexposed group to 89% for the highly exposed (1,371 mg/L TBA) group.
Larvae mortality did not differ significantly with increasing TBA exposure (p ϭ 0.42) (Fig. 2b) . Still, 96 h posthatch, the nonexposed population showed a 7% mortality. Of the remaining 10% of viable eggs that hatched, 16% of the larval population exposed to the highest concentration (1,371 mg/L) were found dead 96 h later.
The number of least severe (category 1) deformations (Fig.  2c) increased with higher TBA concentrations, albeit not significantly. In the nonexposure group, 11% of the larvae showed category 1 deformations, while 19% of the highest exposure group were found with this level of deformation.
No significant changes in category 2 ( Fig. 2d) and 3 (Fig.  2e) deformations were observed. A nonsignificant decrease in the number of healthy larvae with increasing TBA exposure was noticed (Fig. 2f) . A mean value of 74% healthy larvae in the nonexposed control group decreased to 61% in the group exposed to the highest concentration (1,371 mg/L TBA).
DISCUSSION
Most experiments with MTBE mention only nominal concentrations. In our results, the measured or effective concentrations of MTBE and its primary metabolite TBA correlated well with the reported high volatility of MTBE [25] . It was found that only a small fraction (3-5%) of the initial MTBE concentration remained in the experimental system. For TBA, 33 to 48% of the initial concentration remained in the exposure tanks.
Short-term exposure (24 h for eggs and 96 h for larvae) of the African catfish to effective MTBE concentrations above 50 mg/L led to a significant increase in serious deformations of the eyes, spinal column, tail, and mouthparts of the larvae. The fact that those offspring showed many more category 2 and 3 deformations kept the percentage of the least severe category 1 deformations relatively low and statistically nonTeratogenic effects of oxygenates on the catfish Environ. Toxicol. Chem. 25, 2006 517 Fig. 1 . Exposure of fertilized eggs and larvae of Clarias gariepinus to different effective methyl tert-butyl ether (MTBE) concentrations. Boxwhisker plots represent the percentages of dead eggs (24 h) (a); dead larvae (96 h after hatching) (b); viable larvae with category 1 deformations (c), category 2 deformations (d), or category 3 deformations (e); and healthy larvae (f) in function of effective MTBE concentrations (n ϭ 3, unless Plexiglas cups had more than one-third nonviable eggs in the nonexposed controls). * indicates significant differences between the exposure group and the nonexposed control group corresponding to p Ͻ 0.05. SE ϭ standard error.
significant. Werner et al. [12] detected a developmental impact after exposure of the Japanese medaka (O. latipes) for 8 d to nominal concentrations of more than 480 mg/L and 2,600 mg/ L MTBE, respectively. These results might correspond to ours if a similar percent in MTBE concentration remained in the exposure tanks. Exposure to increasing MTBE concentrations did not lead to a significant increase in egg mortality but did lead to a significant increase in larval mortality. Correspondingly, the number of healthy larvae decreased significantly in function of higher MTBE concentrations. Although the effective MTBE concentrations used in our study have been observed in contaminated groundwater (up to 200 mg/L), a difference of several orders of magnitude with actually measured surface water concentrations still exists (maximal 0.088 mg/ L) [6] . Based on the available data concerning surface water concentrations and our results, no immediate threat to the health of natural African catfish populations is expected, since the lowest effective tested concentration (14 mg/L) is much higher than those found in surface waters (maximal 0.088 mg/ L). Many variables affect the presence and concentration of fuel oxygenates in storm water, streams, and rivers. These variables include fuel-use patterns, weather conditions, and the type and extent of spills. Volatilization from flowing water is determined by the Henry coefficient, H, but also by the rate Results of the flow-through experiment with fertilized eggs of Clarias gariepinus exposed to tert-butyl alcohol (TBA). Box-whisker plots of the percentages of nonviable eggs (24 h) (a); dead larvae (b); viable larvae with category 1 (c), category 2 (d), or category 3 deformations (e); and healthy larvae (% larvae without deformities, calculated on the number of viable larvae) (f) in function of effective TBA concentration (n ϭ 3). * and ** indicate significant differences between the exposure group and the nonexposed control group corresponding to p Ͻ 0.05 and p Ͻ 0.01, respectively. SE ϭ standard error.
of mass transport from the bulk water to the air-water interface [26] . Three factors primarily affect that transport: water currents, depth, and temperature [27] . For deep, slow-moving rivers or lakes, long half-lives of MTBE can be expected (t ½ ϭ 52 d). When MTBE enters a river under such conditions, it remains in the water for months. As a result, sedimentdwelling organisms, including catfish, are at risk of being exposed during extended periods to MTBE. Exposure to increasing TBA concentrations, the primary metabolite of MTBE, did lead to a significant increase in egg mortality. Exposure to a TBA concentration of 955 mg/L, which is the equivalent of a full degradation of 1,136 mg/L MTBE into TBA, led to an increased egg mortality of more than 40% compared to the nonexposed control. Exposure to even higher concentrations of up to 1,371 mg/L TBA further increased not only the percent of nonviable eggs to 89%, but also the number of category 1 deformations in the larvae that hatched from the remaining viable eggs. As a result, exposure to increasing TBA concentrations also reduced the number of healthy larvae. Even the lowest effectively tested TBA concentration (181 mg/L) (which induced no significant impact) was higher than the concentration that would be obtained if a full degradation of the highest effective MTBE concentration under consideration into TBA had taken place. V. Longo (Graduate School New Brunswick, Rutgers, The State University of New Jersey, and the Graduate School of Biomedical Sciences, Robert Wood Johnson Medical School, New Brunswick, NJ, USA, unpublished data) found that TBA induced Teratogenic effects of oxygenates on the catfish Environ. Toxicol. Chem. 25, 2006 519 developmental effects in embryos of Japanese medaka (O. latipes); based on nominal concentrations, however, it was three to four times less potent than MTBE. As in our experimental conditions, with nominal concentrations of MTBE up to 4,000 mg/L (effective concentration MTBE 111 mg/L), no TBA was detected in the water (detection limit 20 g/L); thus, the impact in our MTBE experiments on the biota of TBA as a metabolite of MTBE can be ignored. That the conversion of MTBE into TBA is very low in our experimental conditions is not surprising, as the activity of P450 monooxygenase enzyme remains low in larvae up to 96 h after hatching [28] . However, TBA is frequently found as an impurity in MTBE solutions and has also been reported to be produced photochemically from MTBE. As a result, some TBA can be found in MTBE-containing gasoline leaks in less biologically active surface waters, and somewhat relatively higher TBA concentrations might be found in more biological active environments. Future exposure experiments with a mixture of MTBE and TBA could prove to be interesting. Reported MTBE concentrations in European rivers, in Germany in particular, have been increasing since 1999 [29] , and strict monitoring needs to be continued so that future surface water concentrations do not rise to levels, which were found to have a negative impact in this study. Whether chronic exposure to environmental relevant MTBE concentrations has an impact on reproduction, development, and fitness of exposed individuals and populations still remains a question for study.
